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Abstract 
 
A compositionally new osmium oxide, Ca2InOsO6, which crystallizes in a double-perovskite structure, was synthesized through a 
high-pressure and high-temperature synthesis method. The crystal structure of Ca2InOsO6 was determined by X-ray diffraction to 
be monoclinic with the space group P21/n, like other double-perovskite osmium oxides. Magnetic measurements revealed that 
Ca2InOsO6 is antiferromagnetic below 14 K.  
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
 
In recent years, 5d compounds have received a great deal of attention, because 5d elements have more radially 
extended valence orbits and intense spin-orbit coupling than 3d and 4d elements [1]. For example, the discoveries of 
superconductivity in RbOs2O6 [2] and KOs2O6 [3], the metal-insulator transition in Cd2Os2O7 [4] and NaOsO3 [5], and 
the unusual Mott insulating state in Sr2IrO4 [6,7] represent some distinguishing features of 5d compounds.  
Many osmium-containing compounds have been the subject of studies on 5d electromagnetic properties. Osmium-
containing oxides such as pyrochlore (Hg2Os2O7 [8], Ca2Os2O7 [9]), perovskite (NaOsO3 [5]), and double perovskite 
(Ba2LiOsO6 [10]), form a variety of structures, and have been investigated experimentally. In particular, the double-
perovskite osmium oxides have been studied intensively because the crystal structure is robust in the widest 
composition range. Ba2MOsO6 (M = Ca, Li, Na) [10,11], Sr2MOsO6 (M = Li, Na, Mg, Ca, Fe, Co, Sc, Cr, In, Ga) 
[12,13], A2NiOsO6 (A = Ca, Sr)[14], Ln2LiOsO6 (Ln = La, Pr, Nd, Sm) [15], and Ln2NaOsO6 (Ln = La, Pr, Nd) [16] 
have already been synthesized. Some of them show remarkable magnetic and electronic properties such as the Os-
containing double-perovskite oxide Sr2CrOsO6, which shows an outstanding Curie temperature ( 725 K) [13].  The 
magnetic properties may reflect its potential uses in various applications and materials science.  
In this study, we synthesized a compositionally new Os-containing double-perovskite oxide, Ca2InOsO6, 
characterized its crystal structure, and studied its magnetic properties.  
 
2. Experiments 
 
The polycrystalline compound Ca2InOsO6 was synthesized by means of a solid-state reaction. Stoichiometric 
amounts of CaO2 (Lab-made), Os (Heraeus, 100%), In (High Purity Chemicals, 99%), and KClO4 (Kishida Chemicals, 
99.5+%) powders were mixed using an agate mortar in an Ar-filled dry box; the mixture was then placed into a Pt 
capsule sealed on one side. The Pt capsule was then sealed mechanically with a Pt cap by using a hand-powered press. 
The fully sealed capsule was heated at 1400 °C for 1 h in a high-pressure apparatus capable of maintaining a pressure 
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of 6 GPa during heating. After quenching the capsule to ambient pressure and temperature, the compound was 
removed, ground, and characterized by X-ray diffraction (XRD) using Cu K  radiation. The structure refinement was 
done with the rietveld method using RIETAN_VENUS [17].The electrical resistivity ( ) of Ca2InOsO6 was measured 
by the four-point method using a Physical Properties Measurement System (Quantum Design). The electrical contacts 
on the four points were prepared from Pt wire with silver paste. The magnetic susceptibility ( ) of Ca2InOsO6 was 
measured for the polycrystalline compound with a SQUID magnetometer (Quantum Design) in the temperature range 
2 to 390 K, under both field-cooled (FC) and zero-field-cooled (ZFC) conditions. The magnetic-field dependence of 
the magnetization of Ca2InOsO6 was recorded between +50 and 50 kOe at 5 K using the same apparatus.  
 
3. Results and discussion 
 
High-quality structure refinement was achieved using the structure model with the space group P21/n reported for a 
similar compound [18]. During the structure refinement, a possible In and Os order was suspected in the perovskite B-
site (ABO3); therefore, we attempted quantitative estimation of the degree of order/disorder in the analysis. The 
refinement clearly indicated that the order was perfect. This complete order probably reflects the large differences in 
charge and ionic size between In3+ and Os5+ [19]. Ca2InOsO6 was found to crystallize in a double-perovskite structure 
under the synthesis conditions employed, with the space group P21/n (cell parameters: a = 5.4889(3) Å, b = 5.6785(1) 
Å, c = 7.8576(2) Å, and  = 90.12(2) °; R factors: Rp = 7.99, Rwp = 12.27). The refined powder XRD profile is 
compared with the observed profile in Fig. 1. The detailed atomic coordinates are summarized in Table 1. The crystal 
structure depicted using the refined results is shown in the inset of Fig. 1, where Os and In atoms occupy the centre of 
each octahedron in a “rock-salt” ordered manner.  
 
 
Fig. 1. Rietveld refined powder XRD profiles of Ca2InOsO6; the inset shows the crystal structure of Ca2InOsO6, where 
the black and grey octahedra represent OsO6 and InO6, respectively. 
 
Table 1. Atomic coordinates of Ca2InOsO6 
 
Atom Site x y z B (Å2)
Ca 4e 0.0137(2) 0.0575(4) 0.252(3) 0.28(4)
In 2d 0.5 0.0 0.0 0.56(4)
Os 2c 0.5 0.0 0.5 0.13(2)
O(1) 4e 0.280(3) 0.311(3) 0.060(5) 1.0 
O(2) 4e 0.186(3) 0.782(3) 0.048(5) 1.0 
O(3) 4e 0.891(2) 0.494(3) 0.243(4) 1.0 
 
The bond lengths of Os O and In O in each octahedron are summarized in Table 2. The bond lengths dIn O = 
2.105 2.191 Å and dOs O = 1.93 2.00 Å indicate that the octahedra are slightly distorted. The average Os O bond 
length is about 1.96 Å, in good agreement with the Os5+ O bond lengths of 1.95 Å for NaOsO3 [5]. In addition, the 
bond valance sum is +4.74 for Os and +3.08 for In. Thus, it is reasonable to consider that the oxidation states are 5+ 
for Os and 3+ for In in the Ca2InOsO6 structure.  
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Table 2. Selected interatomic distances 
 
Bond Bond distance (Å) 
In O1 2.191(19) ×2 
In O2 2.156(18) ×2 
In O3 2.105(30) ×2 
Os O1 1.932(19) ×2 
Os O2 1.936(18) ×2 
Os O3 2.002(30) ×2 
 
Fig. 2 shows the temperature dependence of ; the compound shows semiconductor-like behavior. The value of  
increases with decreasing temperature. When the temperature was decreased below 170 K, the resistance exceeded the 
instrument limit for the measurement. At room temperature,  of Ca2InOsO6 is approximately 6 k ·cm. The energy 
gap estimated from the Arrhenius plot is 0.93 eV, as shown in the inset of Fig. 2.  
 
 
Fig. 2. Electrical resistivity of Ca2InOsO6; the inset shows an alternative plot. 
 
The temperature-dependent , ZFC, and FC curves show a characteristic drop at 14 K (Fig. 3). This transition is 
indicative of an antiferromagnetic transition in a double-perovskite oxide [20]. For further investigation of the 
transition, the isothermal magnetization was measured at 5 K (Fig. 4). The magnetization curve was neither saturated 
nor curved even at 50 kOe; thus, the implied antiferromagnetic correlation was confirmed.  
 
 
Fig. 3. Temperature dependence of magnetic susceptibility of Ca2InOsO6; the inset shows a plot of the temperature 
dependence of the inverse magnetic susceptibility. 
 
The inverse of  shows Curie–Weiss-like behavior above 100 K. A fit to the data between 100 and 390 K using the 
Curie Weiss Law  = C/(T ) gave estimations of the Curie constant (C = 1.26 emu mol-1 K) and the Weiss 
temperature (  = 77 K). The effective magnetic moment ( eff = 3.19 B) was calculated from C. The eff value is 
slightly lower than the theoretical spin-only moment (3.87 B) for Os5+ (S = 3/2).  
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Fig. 4. Magnetic-field dependence of the magnetization of Ca2InOsO6 at 5 K. 
 
The negative Weiss temperature indicates the predominance of antiferromagnetic correlations in Ca2InOsO6. 
Because the magnetic interactions between the Os magnetic moments are not mediated by regular superexchange 
paths (see the structure image in the inset of Fig. 1), an extended superexchange mechanism such as Os–O–In–O–Os 
should be considered to account for the magnetic properties of Ca2InOsO6. Although the near Os–Os distances are not 
equal owing to the low-symmetry (monoclinic) framework, they all lie within a few percent of the mean distance 
( 5.57 Å). The magnetic exchange constants between near Os atoms can thus be expected to be similar. From mean-
field theory, one can calculate the magnitude of the nearest-neighbor exchange constant (J) using J/KB = 
/{z(2/3)S(S+1)}, where z and S are the number of nearest-neighbor magnetic atoms and the spin quantum number, 
respectively. The value of J/KB for Ca2InOsO6 was estimated to be 2.57 K, which is too weak to account 
quantitatively for the observed magnetic transition temperature of 14 K. Further theoretical consideration is needed to 
establish an appropriate magnetic model for Ca2InOsO6.  
 
4. Conclusions 
 
In summary, we have synthesized a compositionally new osmium oxide, Ca2InOsO6, which crystallizes in a double-
perovskite structure, by using a high-pressure and high-temperature synthesis method. The crystal structure of 
Ca2InOsO6 was determined by X-ray diffraction to be monoclinic with the space group P21/n like other double-
perovskite osmium oxides. Magnetic measurements revealed that Ca2InOsO6 is antiferromagnetic below 14 K.  
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